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Abstract 
In this research work, laser cleaning of Compact Discs (CDs) through the employment of a 30 W MOPFA Q-switched pulsed 
Yb:YAG fibre laser is investigated. The laser beam is used to ablate the metal substrate located between the polycarbonate layer 
and the outer serigraphy of CDs with the final aim to recover the polycarbonate layer and make it available for further applications. 
Compared to traditional cleaning processes, this method offers several advantages, including: absence of mechanical contact, 
reduction of secondary pollutants, low energy consumption, greater flexibility of use and possibility to work small batches. Two 
experimental test series were carried out. First, linear scans were executed at the maximum average power (30W) by changing 
scanning speed and pulse energy. The width of the ablated material was then measured on the test CDs. Furthermore, the 
mechanism of separation between the deposition layers and the polymer substrate is observed and described. The second 
experimental testing series was performed to identify the process conditions that could ensure a 100% cleaned surface without 
polymer degradation and to evaluate the corresponding process time. On the basis of the test results, three different conditions were 
observed: incomplete cleaning, complete cleaning and cleaning with polymer degradation.  
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1. Introduction 
A Compact Disc (CD) is an optical disc employed to 
store sound or information in digital format. CDs 
generally consist of four superimposed layers: a 
polycarbonate disc layer (120 mm diameter, 1.2 mm 
made of aluminium, silver or golden alloy; a lacquer 
layer to prevent oxidation; and a printed screen on the 
top of the disc. The first CD prototypes, which represent 
an evolution of LaserDisc technology, were developed in 
parallel by Philips and Sony in the mid-to-
The two companies then collaborated to produce a 
standard format and the related player technology which 
became commercially available in 1982 [1, 2]. Since 
then, the CD market has gone through a continuous 
growth up to 2002 when more than 7 billion units were 
sold. Afterwards, following the diffusion of other digital 
formats (e.g. the so-called liquid music), the CD market 
significantly decreased and nowadays it amounts to 
approximately 3 billion sold units per year (in 2011) [3]. 
As regards the polycarbonate (PC) market, on the 
other hand, it reached around 3.7 Million Metric Tons in 
2012 (16% of which was used for Optical Media) and a 
further growth is expected in the next years [3]. Waste 
CDs, which are manufactured with top-grade high-
quality PC, may represent an important and relatively 
cheap material source compared to natural sources. As a 
matter of fact, there is a high amount of CDs coming 
from industrial waste (about 1% of the total production) 
and from the unsold, which has to be destroyed. 
Moreover, CDs are not everlasting supports as they are 
subject to ageing phenomena, especially because of the 
metal layer oxidation. The possibility to separate the PC 
disc layer from the other layers of old and scrap CDs 
represents a valuable opportunity for material recycling 
and waste reduction. This is in full agreement with the 
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EU directives on information technology waste 
collection, reuse, recycling and disposal, which is 
driving industry towards new solutions for cost-effective 
and efficient recycling processes.  
Nowadays, different technologies are used to separate 
PC from the other CD layers: abrasive fluidized bed 
machining, barrel finishing, dry-ice blasting, and 
brushing in solvent bath. Not all these processes are 
efficient for treating thousands of CDs simultaneously, 
neither are they flexible enough to be adapted to small 
batches. The use of abrasives or solvents could cause 
environmental problems and contamination of the 
recovered material. In addition, disposal of exhaust 
abrasives and chemical solutions after use should 
comply with the extremely severe EC directives.  
In the literature, a number of laser applications for 
cleaning tasks have been presented [4 - 7].  
In [6], a Nd:YAG laser assisted dry ice blasting 
process for de-coating a standard substrate-varnish 
combination is proposed. The aim of the hybrid 
combination of both technologies is to increase the area-
related cleaning and de-coating ratio. 
In [7], a novel process based on diode laser 
irradiation of a Compact Disc-Recordable (CD-R) is 
illustrated. The purpose is to recover two of the main 
CD-R constituents, the PC substrate and the silver 
reflective layer, without any damage or thermal 
alteration of the PC substrate. In this process, the laser 
beam is used to ablate the cyanine layer placed between 
the metal substrate and the PC layer, following a spiral 
geometrical pattern. The minimum time required to 
clean a CD-R with a beam power higher than 250W is 5 
seconds. Compared to traditional cleaning processes, this 
method offers several advantages, including: absence of 
mechanical contact, reduction of secondary pollutants 
(exhaust abrasives or chemical solutions), low energy 
consumption, greater flexibility of use and the possibility 
to work both small and large batches.  
However, the physical structure of a CD-R is 
different from that of a standard CD. As a matter of fact, 
in a CD-R the additional cyanine layer located between 
PC layer and the metallization layer (organic dye for pit 
realisation during writing) can be very easily burnt even 
with low power density. On the other hand, CD cleaning 
involves the ablation of the metal layer and requires a 
higher power density, and short pulse duration as the one 
that could be obtained by Q-Switched Nd:YAG or 
Yb:YAG laser sources [8-11].  
In order to investigate the CD cleaning process using 
laser technology, in this work a 30 W Master Oscillator 
Power Fibre Amplifier (MOPFA) Q-Switched pulsed 
Yb:YAG fibre laser was employed. Compared to the Q-
Switched Nd:YAG, the selected kind of laser provides a 
higher pulse frequency (30-80 KHz) and a superior 
energy efficiency. The purpose is to determine the 
process window where laser cleaning could be 
successfully performed with the selected laser source as 
well as the time required for cleaning a single CD.  
Two experimental testing series were carried out. 
First, linear scans were executed at the maximum 
average power (30 W) by changing the laser beam 
scanning speed and pulse energy. From the test CDs, the 
width of the ablated material and the mechanism of 
separation between deposition layers and polymer 
substrate were observed.  
A second experimental testing series was performed 
to identify the process conditions capable to completely 
clean the CD surface. These tests were carried out with 
the same average power, scanning speed and pulse 
energy adopted for the first testing series, and a 
geometrical pattern made of parallel lines. The distance 
between two consecutive parallel lines was set according 
to the width measured in the first testing series. From the 
test results, three different states were observed: 
incomplete cleaning, complete cleaning and cleaning 
with polymer degradation. The process parameters that 
ensured a 100% cleaned surface were identified and the 
corresponding process time was measured. 
2. Experimental setup 
2.1. Equipment 
The experimental tests were performed using a 30 W 
Master Oscillator Power Fibre Amplifier (MOPFA) and 
a Q-switched pulsed Ytterbium fibre laser (YLP-RA30-
1-50-20-20 from IPG). The laser beam was directed by 
means of two galvanometer mirrors placed in a scanning 
head 
the workpiece. In Figure 1, a scheme of the CD laser 
cleaning process is illustrated.  
 
 
Fig. 1. Scheme of the CD laser cleaning process. 
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Table 1: Laser system characteristics.
Characteristics Symbol Value Unit
Wavelength 1064 (nm)
Nominal average power Pm 30 (W)
Maximum pulse energy* Pe 1 (mJ)
Maximum peak power* Pp 20 (kW)
Pulse frequency F (kHz)
Pulse duration Dr 50 (ns)
Scan speed Ss (mm/s)
Mode TEM 00 --M2 --
Focused spot diameter ** --
Beam motion by galvo mirror scanner --
Working area** 100 x 100 (mm2)
Power consumption*** 160 (W)
*At Pm = 30 W and F = 30 kHz.
*** At the max. power output.
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Fig. 2. Pulse energy (Pe) and pulse power (Pp) as a function of pulse 
frequency for an average power of 30 W. The adopted experimental 
conditions are highlighted in red.
The laser system was computer controlled, which
allows the generation of the geometric patterns and the
setting of the process parameters: average power (Pm),
pulse frequency (F), scan speed (Ss). Table 1 shows the
detailed characteristics of the laser system.
For a fixed average power, pulse energy (Pe) and 
pulse power (Pp) depend on pulse frequency, as reported 
in Figure 2. Pulse energy was calculated as the ratio
between average power and pulse frequency, and pulse
power as the ratio between pulse energy and duration.
The average power was measured using a power 
meter (F150A-SH thermal head and a NOVA display by 
OPHIR). From Figure 2, it can be noticed that both Pe
and Pp decrease as frequency increases.
Pulse energy and power play a central role in laser 
machining and micromachining since they determine the
laser beam-material interaction mode, amount of 
machined volume, and thermal damage extension [8-13].
Accordingly, this study focuses on pulse energy
rather than pulse frequency that is a settable parameter.
On the other hand, it is worth noting that frequency
and scanning speed affect the so-called overlapping 
factor that is another critical parameter for pulse laser 
applications.
2.2. Material selection
The material selection was considered a critical point 
for the effectiveness of the test results. In Figure 3, the
physical structure of a CD is shown. From the figure, it 
may be seen that there are at least 4 layers:
polycarbonate support, metal reflective layer, lacquer 
layer used to prevent the metal layer oxidation, and a
printed screen on top of the disc (the printed screen 
could consist of one or more layers depending of the
number of colours used in the art work).
Since the cleaning operation could be carried out on 
waste CDs, a large variability of optimal process
parameters is expected. As a matter of fact, different
metals are used for the reflective layer (aluminium,
silver or gold alloy) and thickness and rigidity of the
printed screen vary together with the ink materials and
with the number of colours used at each point. To carry 
out a more comprehensive study, rather than referring to
a single CD type, a large number of different CDs were
tested: 50 diverse CDs, of which no more than 5
specimens for each manufacturer, were selected from 
both the editorial and music marketplace.
2.3. Experimental procedure
Two experimental testing series were performed. 
First, linear scans of 8 mm length were carried out with 
focused laser beam and maximum average power (30 W)
while varying the laser beam scanning speed (mm/s) and 
pulse energy (controlled by changing the pulse
frequency). The adopted values were selected in the
range allowed by the laser system (see Table 1), on the
basis of preliminary tests. In Table 2, the adopted 
process conditions are summarised by reporting the
pulse frequency, pulse power, pulse energy and scanning
speed values, together with the number of tested CDs.
The tests were performed in the central area of each of 
the 50 CDs per process condition, as reported in Figure
4.
Fig. 3. Physical structure of a CD: a) PC disc layer; b) metal reflective 
layer; c) lacquer layer to prevent oxidation; d) printed screen on top.
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Table 2: Process conditions and tested samples. 
Pe 
(mJ) 
Pp 
(kW) 
F 
(kHz) 
Scanning speed (mm/s) 
1000 2000 3000 4000 
1.00 20 30 50 50 50 50 
0.67 13 45 50 50 50 50 
0.38 7.5 80 50 50 50 50 
 
 
Fig. 4. Experimental lay out of the etched line and area. 
The laser beam was focused on the surface which is 
opposite to the printed screen. The width of the ablated 
material was measured on the test specimens. 
From these tests, two results were achieved: first, the 
mechanism of separation between the deposition layers 
and the polymer substrate was observed, and second, the 
step to be used in the generation of patterns for the 
cleaning tests was determined. 
Then, a second testing series was performed to verify 
the process conditions capable to completely clean the 
CD surface. On each CD, 48 square patterns of 8 mm x 8 
mm were etched by filling the area with parallel lines, as 
shown in Figure 4. 
For this testing series, the same average power, 
scanning speed and pulse energy adopted for the first 
testing series were employed. According to the previous 
test results, the distance between two consecutive 
parallel scans (step) was set at 0.1, 0.2, 0.3 and 0.4 mm. 
As previously, the laser beam was focused on the surface 
opposite to the printed screen. After testing, the CD 
surfaces were observed: the process parameters ensuring 
a 100% cleaned surface without polymer degradation 
were identified and the corresponding process times to 
clean a 121 mm diameter CD were measured . 
3. Experimental results and discussion 
3.1.  Linear scanning tests 
The grooves produced by single linear scans exhibit 
the configurations shown in Figure 5. 
 
 
 
Fig. 5. Typical appearance of the groove produced by a single laser 
scan: a) both metal layer and printed screen are pierced; b) metal 
ablation and large debonding between polycarbonate and printed 
screen layers; c) metal ablation, printed screen fracture and small 
debonding. 
Three different states can be classified:  
a) A narrow groove with width very close to the beam 
spot size is generated. Both the metal layer and the 
printed screen are pierced with comparable size. The 
laser beam is able to vaporize the metal, the lacquer 
and the printed screen layers. Each single pulse is 
able to create a single hole in the layers. 
b) Metal ablation occurs in the groove centre, no 
piercing is verified, a large debonded area between 
polycarbonate and printed screen layers is visible. 
The laser beam is able to vaporize the metal, but not 
the subsequent layers. The recoil pressure, due to 
metal vaporisation, caused debonding of the printed 
screen layer. 
c) Metal ablation occurs in the groove centre, the 
printed screen is fractured, debonding between 
polycarbonate and printed screen layers is visible. 
The laser beam is able to vaporize only the metal. 
The recoil pressure is high enough to produce both 
debonding and fracture of the subsequent layers. 
From the previous observations, by setting the scan 
step equal to the groove width, it can be stated that the 
best process conditions are those corresponding to the b) 
state. In this state, the large debonding allows the 
maximisation of the material removal rate for a single 
scan. The time required for an entire CD scan depends 
on the scan step and speed, as reported in Table 3. 
Table 3: Process time (seconds) for an entire CD cleaning.  
 Scanning speed (mm/s) 
Step (mm) 1000 2000 3000 4000 
0.1 118  62  44  34  
0.2 60  32  23  17  
0.3 40  21  15  12  
0.4 30  16  11  8  
2 mm c) 
b) 
a) 
  
48 patterns ( 8x8 mm 2 )  
CD edge   
Linear scan ( 8 mm )   
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Fig. 6. Values, mean values, and standard deviations of groove width 
as a function of CD number. 
 
Fig. 7. Appearance of CD surface after laser cleaning: a) incomplete 
cleaning; b) complete cleaning; c) cleaning with polymer degradation. 
Furthermore, interference between the different 
parallel grooves could occur during etching of all the 
surface. Therefore, it is not possible to establish a priori 
the optimal process conditions from the obtained width.  
However, the measured widths proved to be useful to 
select the scan step for the later tests. To determine the 
values of the scan step to be used in the cleaning tests, 
the width for each CD was plotted as shown in Figure 6. 
From the figure, it can be observed that the width 
points fall in the range 200-
basis of the previous observations, the scan step was set 
at 0.1, 0.2, 0.3 and 0.4 mm, while the same values of 
pulse energy and scan speed were selected. 
3.2. Complete cleaning tests 
After the experimental tests, the CD surfaces were 
observed and classified according to the three possible 
surface states shown in Figure 7.  
The three states correspond to: 
a) incomplete cleaning: the outer surface of the CD is 
characterized by alternate clean and still coated lines; 
b) complete cleaning: the surface of the CD is clean and 
transparent; 
c) cleaning with polymer degradation: the surface of the 
CD is clean but the polycarbonate is partially burnt. 
In Figures 8-10, the percentage of different surface 
states is reported versus process parameters for the three 
pulse energy values, respectively.  
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Fig. 8. Percentage of different cases obtained at Pe = 1 mJ. The 
numbers represent the % of cases where complete cleaning was 
observed. 
56
100
64
610
18 2414
38
90 9092 9290 88
28
0
20
40
60
80
100
10
00
-0.
1
10
00
-0.
2
10
00
-0.
3
10
00
-0.
4
20
00
-0.
1
20
00
-0.
2
20
00
-0.
3
20
00
-0.
4
30
00
-0.
1
30
00
-0.
2
30
00
-0.
3
30
00
-0.
4
40
00
-0.
1
40
00
-0.
2
40
00
-0.
3
40
00
-0.
4
Process condition [Ss (mm/s)-step (mm)]
C
as
e 
%
Polymer degradation Cleaning Incomplete cleaning
 
Fig. 9. Percentage of different cases obtained at Pe = 0.67 mJ. The 
numbers represent the % of cases where complete cleaning was 
observed. 
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Fig. 10. Percentage of different cases obtained at Pe = 0.3 mJ. The 
numbers represent the % of cases where complete cleaning was 
observed. 
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Since the process purpose is to obtain a clean and 
transparent surface without polycarbonate degradation, 
only three process conditions were verified to be capable 
to ensure 100 % successful CD cleaning. In particular: 
Pe = 1 mJ, Ss = 2000 mm/s, Step = 0.2 and 0.3 mm; Pe = 
0.67 mJ, Ss = 2000 mm/s, Step = 0.3. 
The minimum process time, 21 s, corresponds to 
process condition: Pe = 1 mJ (F = 30 kHz), Ss = 2000 
mm/s, Step = 0.3 mm. 
Matrix degradation occurred when low speed (1000 
mm/s) or low step (0.1 mm) values were used. On the 
contrary, high speed and large step values produce 
incomplete cleaning. 
For the lowest pulse energy, Pe=0.38 mJ (80 kHz), no 
process condition was able to produce 100% successful 
CD cleaning. The maximum success percentage is 98%, 
obtained at Ss = 2000 mm/s and Step = 0.2 mm.  
Moreover, this last process condition does not offer 
any advantage in terms of process time. A reduction of 
the process time could be obtained only by accepting a 
90% success level. In this case, at Ss = 4000 mm/s, Step 
= 0.2 mm and for all the pulse energy values, the process 
time drops to 17 s. 
The observed processing times in this work are all 
higher than the 5 seconds obtained in [7] for CD-R 
cleaning. However, considering the lowest workability 
of CDs compared to CD-Rs, the lower laser power 
utilised in this work (30 W) and the lower power 
consumption (160 W), the results obtained can be 
considered very promising. 
4. Conclusions 
A Q-switched Yb:YAG fibre laser was successfully 
used for CD surface with the aim to separate the 
polycarbonate layer from the other CD layers. 
On the basis of the experimental results, the following 
main conclusions were drawn: 
 different phenomena were observed in the linear 
scanning tests: the layer removal could be obtained by 
direct vaporisation of all the layers or by vaporisation 
of the metal reflective layer only. In this case the recoil 
pressure due to the metal vaporisation was able to 
debond a large area of the layers; 
 from the etching tests, three kinds of surface states 
were observed: incomplete cleaning, complete 
cleaning and cleaning with polymer degradation; 
 considering only the complete cleaning state, the time 
to clean a CD with the adopted source and the selected 
process parameters varies between 20 and 30 s; 
 the minimum cleaning time (20 s) is obtained with a 
pulse energy of 1 mJ, a scan speed of 2000 mm/s and a 
scan step of 0.2 mm; 
 with a scan speed higher than 2000 mm/s, the 
percentage of success is reduced: 94% for 3000 mm/s 
and 92% for 4000 mm/s; 
 lower scan speed or narrow step values generate 
polycarbonate degradation; 
 on the contrary, highest scan speed or step values do 
not permit the complete layers removal; 
 decreasing pulse energy does not determine any 
reduction of the processing time. 
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